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^equent trains, ffluat; be-run -L Urban traffic, where yery 
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tations, electric traction - a given track' 

action p^an cariy up to 10 q p er cent 
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more 


people than steak trac 


;tion, because of the higher 
ap « ed over short ruins with ferquent stops ■ 

! ; | af BtBt:l6oa 4* *<"■ »' jlimite d very strictly 

| br |f f na " olal - co “ side ^«ons,, and thje Superior manoeuvrability 
I of the eleotrio locomotive jenables: (twice as many to be. used 
j in m station of a given size;.: !! 

i . • . j 

in electric loo.oiao.tiye;.needs_Luch less time for mainten- 
adCe,.and repair than a steam locomotive, so'that fewer a™ 
--e^ired for a given voW of tragic, also the cost 'of 
maintenance end repair per |locomotji|ve is lees by about 50 pe j 
cent. It can be used immediately,: whereas a steam locomotive 
takes.about two hoirs to get up stbom, this results a - 
better utilization of drivers!* time. j *- * 

! j ’ | 

Because of the absenob !,f smoke and Sparks, there ie a 
greater safety in. driving and’ an absence if damage to tic 
buildings and apparatus due itjo the Wosive smoke fumes. 

: A saving' is caused by the absence of looaling and water 

j/fepots, and also the time of coaling. " '. ' 

: • -r* • # . . : 

; ^ ouperior braking .methods .allow less wear ,n the 

• Sl50 . 0s .*- and fe>.so!oe.casos.. a . a .aying of energy,-’ whioh... i», 

^0:^ttned to the supply instead n-p v, 0 ^ , ■’?•- 

... - y lnfltead : 0f bein g wasted as heat-irr the- 

prake; 5 sHbes, ' • ' ” 

V ’ » 1 • | 

^ CaP:ltal °Utlav rermtpos j- f 

a iffoulty were overcome, t*» other disadvantages 
-uld not prevent a rapid conversion to electric traction. 
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Anothef-disadvantage la,tfrrt~ a^Cator^ of ^ ho 

°^.£ e " ..^affljes may cause, a disorganisation of rite 


one.or twojioura. Increased reliability 1 of f 

" Mly Wil1 render fail “- very infrequent, and Unproved' 
^idication Will diminish the toe of interruption of 

e^ioe from each failure. It is mown that a layer of ice 

on the conductor rails may preve^Shtoom collect^; 

■ Power whrch is available; this trouble is easily overcome 

uining a service locomotive: up anil down the line to prevent 
^formation of ice. j t • 

Steam locomotives J. the*! j steam If or heating the compar- 
| Wa v 917 Cheaply, whejeas >1^ to 

I s ™ P0Wer for thla purpose at a greater cost. ; “ 

In many °uaes telephone andf 
|‘rbck. these will experience 
p P0wer Either the line 


teleig-aphjines inn along tfc 4 _ 
considerable interference ffapi 

IItrack n-r -Hu i 'f mUSt be moved awa y frenfl the 

C* Chey " Uat If «*ff. -d a consider!: ^ 

| se to 15 per cent of the total cost-cay be incurred . 

L, «” *• ».' 

I |y f ar Vh 8 * ^ a * em t0 e : let ff rl0 potion .on. the roilwe^si.. 

|t.5 mad ° r Pa " ° f the 00S ^ 18 ^ ^ overhead e,UpZt | 

| rs * and t]lia is avoided in the use of d-fp 

M*+-i -r ■ e ot die ael~oiectric 

|f U ° n * 111 Hyatam the locomotive harries diesel , 1 

ihi'cK dTH-n-r* - |carries diesel engines ' 

f a n.c. generator that supplies power to the motor. 
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The diesel engine Is run «U a constant speed so that its 
F>4er output is always available, whilst the electric driv 
Mas this power ay^lablfjat-airspeeds of the locomotive 
C^iesel-elec ,rio locomotives have jheen made efficient and 
streamlined, .so that very | high, s^eds are available. Iho 
main-disadvantage in an. iountryj jisj that the oil fuel has 
to:be imported, if the extraction of oil from coal becomes 
an economic process, it is probate that the main railway 
lines will bo converted ti dieselUelectric traction. 

Petrol-electric traction has been used so far in heavy 
lorries and buses. The advantage is; that the electric in¬ 
version produces a very fine and jcontinufus control, thus 
the lorry can move slowly at an imperceptible speed and yet 

it can creep up the steepest slopj without throttling the 
fcAginev I : - 

Battery-driven vehicles are being quickly introduced, 
as they are found very useful as light delivery vans and 
platform trucks. They are easy to control and very oonve-. 
IlUSnt to use. As road vehicles they suffer frop the disad-. 
Vantage of having a limited range and speed. • 

^.cati on Systems - 

D '0‘ ^ a, °- Syatems are used, the latter being singl, 
phase or three-•phase . 


£ 



















































t 





.> - -V • 


For tramcars the supply is about 600 volts d.c., aa 

• ' ■ 'o 

rails act as the return circuit, There are regulations 
ting to the return circuit in order to prevent damage due * 
l^iage currents. The track i3 designed to have good electr- ; ?^|3 
ical continuity and conductivity so that the return current ? H 
f'oQB not spread out much. The track is connected to the;p|§ 

W £ pole of the s- pply system, and must be such that th|| 

’f'ltxL differe-oe between any two points on it is not gre &jfp 

.. j.. 

iltKU 7 volts. When the current 'in high, it is not pract|i||ffl 
to limit the potential difference by having an enormous-. 


return rail, but instead use is made of negative boosting ringi 


way that will bs described later. When the return circuit^isilp 


near pipes, the potential of the return must not be more ti:^ 

J.%§L 

' volts above earth or more than 1 volt below earth potenti^fg| 
The supply is either underground in a conduit or overhead l; • 
a trolley wire. When a trolley wire is used, the volta t .: at 


the generating station must not exceed 650 volts and at :he^|J|f 

jjgSi 

trolley wire 550 volts. The trolley wire must be divided |pl| 

- to sections of not more than half a-mile, between every 
two of which there must be emergency >switches. When the 
track is run on private ground 1500 volts d.c, is favoured'.*"'■ :-* 
v trolley buses the supply is at 600 Volts, both linshpl^^ 

it . - - 

overhead and insulated from ground. As the return /oi:^ ' 
i. ot earthed there is no fear of electrolysis, and ne* 
feeder boosters are not required. 
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Single-phase main-line locomotives use 15 kV, at 16» 
•foies in Austria, Germany, Sweden, and Switzerland and 
other countries; in Pennsylvania single-phase of 11 kV. at 
25 cycles is used. 

Three-phase is used in. some mountainous districts, e.g. 
~ Italy * : * ie voltage is 3 600 volts between phases; two 
overhead conductors are used with the rail as the third 
phase. The necessity for two collectors is a disadvantage. 
No transformers are required as the induction motors run at 
the line voltage. The frequency of the supply is 16* cycles. 
Regeneration is automatic, and this is very useful to mom- - 

C " 3 district 3. The absence of conmutators is a great 
advantage and lowers the cost of upkeep. As the induct 

motor is sensitive to speed variations, it is impossible t 

T^'xv ” : ~— Su ppiy 


i 16XV ~~ v 

imiM 



Phase 

Converter 


Three-phase 
Induction Mia tor 


* ".1 Split-phase Traotiono System (Kando) 
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Ull . the multiple unit method; for the motors running on 
worn wheels would rotate faster thaii those on new whee 
and would do little work, or even no work if the wheels 
were worn enough. A locomotive provides all the tractive 

c'fort. 

Split-phase is used in the Kendo system in which the 
supply is single-phase of 16 kV. at 50 cycles. A phase 
iverter supplies the motor, which is a three-phase indue- 

x ..on motor (see Tig. 1). • * 



The trend seems to be to install no more three-phase 
systems, but either high voltage d.c. or single-phase indus¬ 
trial frequency! the latter is likely to become a serious ^ 
rival of the older systems * 

' Mechanic s of Train ^Movement« 

Pig 2 shows a diagram of the essential driylilg Pfp'fcs 
of an electric locomotive. The armature of the motor.; 
experiences a torque T (in lb. ft.), and it has attached-to 
is a pinion of diameter p. There is a tractive effortF at 
tfo€ edge of the pinion, where T *» V#?• This traotive effort 
transferred to the driving wheel (diameter D) by means c--. 
the gear wheel (diameter d), so that tractive effort on the 

J^rtving wheel is 

P ^/(d/D) T x (2/p) X (d/D) 

=^T x (2G/D) 




( 1 ) 






















i 


fe-whereof, is -the efficiency of the gear and G is the gear . 
ratio d/p» ^ Armature 

f -A X 

I l./.V-k :?i nlon 

Gear Wheel 
Aoad Wheel 


%)- 



Pig.2 Driving Parts Of Electric Locomotive 


m . 

I- 

?- 


The magnitude of the tractive effort that can he 
HiGfully employed depends upon the weight on the driving 
wheels and the adhesion of the driving wheels to the rails. 
The coefficient of adhesion is defined as 

/ _ Tractive effort to slip the wheels 

/ 

^ Adhesive weight 

and the following table gives values for electric tractc~s 
on dry rails• 


Speed, m.p.h. 

0 10 

20 

30 40 iO 

Coefficient of adhesion 

0.25 0.18 

0.14 

0.12 0.10 0.03 


If the rails are greasy the value may be as low as 0.08. 
j\ V£ry important advantage of elected traction is that in a 
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motor coach 100 per cent of the weight is on the 
in an electric locomotive 70 per cent or more, hut in £L 
passenger locomotive less than 50 per cent. Moreover, th(? 
coefficient of adhesion in electric traction is greater tho/» 

LA steam traction; this is because (i) the torque in electing 

traction is continuous while in steam traction it is pulsating 

*=Vi> ^ v-X> ' 

and the uneven torque sets up a jolting and skidding, and (ii) 
tft electric traction the driving wheels are distributed along 
rbtf length o“P the train, whilst in steam traction they are 
close together. Thus the maximum possible tractive effort is 
much greater in electric traction than in steam traction. 

The maximum possible acceleration can be found from the 
coefficient of adhesion. Suppose that the whole of the weight 
is on the driving wheels and the locomotive is running aljS'o;' 

the maximum tractive effort is 0,25 times its weight, t 
the acceleration is 0.25 times g, viz. 

0.25 X 32.2 « Q.l ft. per se.c. per sec. 

— = 5.5 m.p.h. per sec. 

If the weight of the motor coaches is only one-third of 
the total weight of the train, the acceleration cannot exes- .d 
One-third this value, viz. 1.8 m.p.h. per sec. This is the 
.... ...d of value that is obtained in practice. Braking retarda¬ 
te (fan can be much greater than the acceleration, as the brakes 
fiCfr on all wheels: values of 3.2 m.p.h. per sec, can be 
obtained. 
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If a tractive effort of P Q lb. wt.ncte on a mass of 


W tons, the acceleration is 

(^a X 32»2)/2 240W ft. per sec. per sec. 

=* ^ q /102 W rn.p.h* per sec, ^ 

When the train accelerates, kinetic energy is produced 
in two ways, by the linear motion of the train, and by t,.e 
rotation of the wheels and motors, the former is »v 2 , where 
v is the velocity of the train, and the latter is 

Iw 2 = 7l(’A v 2 /r 2 ) = '/, mv 2 , 

where m = .1 (I/r ); I being the moment ^ of In ertia of a rotat- 
P & yt and W its angular velocity. 

The sigma is taken for all rotating parts. This means 
that the effective value of the mass of the train is » + m . 
in practice m is from 8 tc 15 per cent of the dead weight ,V. 


equation (2) then becomes 


or 


* “'» a A02(W + ra) rn.p.h. per sec, 
1° 2 0((W + m) a 1020 vj 

-—— — 3 * 


(3a) 
( 4) 


W ere w e ■> IV v m, and is called the effective or accelerating 

U ' aSa ° f the tl ' Qin - Th6 effoTrP a "i B that"required for 

deceleration| in practice the total tractive effort supptiej k 

the motors must be equal to this plus the effort to ever ome f.c 

train resistance, and gravitation if the train ia on a slope. 

th<2 tractive effort to overcome train resistance is 

whore r = specific train resistance, and is a function of the 
vtbeity for a given train. The tractive effort to 


overcome 
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on a sl ope of perc e ntag e gradient G is 


F =. + WG /100 tons 

= + 22.4^70^ lb. Wt., 

the positive sign is used for an up-gradient and the 
for a down-gradient. The total tractive effort is 

F. = F + P + F ■ 
t a r g 


= (102 « W e + Wr + 22.4WG )lb. wt. 
power output of „\he driving axles is 

P = P t v ft. lb. wt* per sec., 

re v is in ft. per sec., so that 


P n F.V X 'L Q»746 
• 60 X 33000 

■= 0.00199 F t V kW., 

_if#rao2 f y k \/V • 
where V is in m.p.h. 


&£E2i£ • 

A motor-coach train weighing 200 tons is accelerated up 
a gradient of 1 in 200 at a mean acceleration of 1.2 m.p.h.p 
up .o a speed of 30 m.p.h. Find (1) xlie tractive effort 
(2) the output at the end of the accelerating period. 
fcrctLa resistance is 10 lb. per ton and the effective we 
10$ more than the dead weight. 

In this case 0( =. 1.2, W = 200, and m « 0.1 X 200 
that YV e =« 220, r « 10, and G = % (1 in 200). 





















* - 12 - 

* By equation ( 5 ; the required tractive effort is 

P t = 102 X 1.2 X 220 + 200 X 10 + 22.4 X 200 X y 2 
= 27 000 + 2 000 + 2 240 
= 31 240 ' lb. wt. 

the 6nd ° f the acceleratin S period V » 30 , so that the 


is 

• . 

P = 0.00199 X 31 240 X 30 

* 1 870 k W. 


Curves. 

If a curve is plotted with time (in seconds or minutes) 
the abscissa and the speed (in miles per hour) as the 
ordinate, the complete information of the motion of the tr*W 
is represented. Ihe acceleration at any instant or sped is 
found by drawing a tangent at the corresponding point on the 
it CUrve oalcula.ing the slope of this tangent! the accel.ro 
Bf 14/1 1S ® lvon usuall y in miles per hour per second (1 m.p.h.p. 

PHr <a t0 1-47 ft ‘ per Eec ‘ per sec) - The distance covered 


ti me isrepresented by t he area between the curve 


SSli 
*|pte : 

fef.. 


“' iS> Snd thG ordlnateti through the inTte^tTbTt^een 

■ **%#*: **• time iE taken. Pig. 2 shows the speed-time curves 

SR-V. .. 


ft? - or t, city and main-line services. 
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The initial acceleration in the city Bervice ia seen to 
be 10 ra.p.h, per 8,3 see. = 1.21 m.p.h.p.s, The total dist~ 
a /)£q between stops in the main-line service ia represented by 
the area of 37.5 squares, each of which corresponds to a 
■ dkstonce of 





1 O X 2 1 

10 m.p.h. X 2 min. =* — - —— miles = - mile, 

60 3 

so that the total distance is 37.5 4. 3 « 12.5 miles. 
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There are usually four periods in the run, viz. ecC<n<Lfof 
E |||#f|- onj c °nstant speed or free running; coasting, when theix>v;.r 
Bhut ° ff ana the train slow* down gradually because of 
P^^»slstances to action, and braking. In the speed-tine cur e 
KSS# f S ^ ow » for " mQ ib-line service these periods are 6, 7, i| 

min. respectively, m short runs, such as the city and 
suburban services, the free running period may not exist. Hie 

'-.-J • 

acceleration period consists of two parts. In the first part 
the motor tractive effort is kept constant by means of resis¬ 
tance notching, or more recently by the metadyne; this occurs 
Pjgsi-iUatil all the resistances are switched out and a speed V, is 
gfffv^ eaChCd (see P±s * 3 - • The tractive effort available for 




Ip 

• s; ■ ■ 




^fe;-. ! • acoelerata -on,and climbing if necessary, is p, where P is the 

lfferenoe ° f the m °t° r tractive .effort and the train resist- 
R^Sp?” 6 ' The acceleration in this period is nearly constant. 
Jfe-'-Mfe;' 6 SGCOnd P a ^t of the acceleration-period the motor ty'ot- 

__ - A n i . . . 


1 
1 

i -ry;; 3- 


tive effort is the maximum that the motor can give at t C] 


lr/ *• 



,/V\/-A/Vi 
AfWViJ 1 /' 


■ *v l -y&i&ij ’ > + • - ■. , 

active Effort 


Gr o:: sJfclotor) 
Tractive Effort 


Hot Tractive Effort 


•Train 

Resistance 



Pig.3 Tractive Effort Versus Speed 
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:s. 


l|ls rapidly with the speed. The train resistance, h&.weviiF', * ' 

Ipeaseo, “slowly to begin-with ond then-rapidly, untiL at a 

ffcain speed v p the motor tractive effort is equal to the 

fen resistance. At any speed between V-^ and Vg the trac— 

|e effort available for acceleration (and climbing) is f, 

tch decreases fom P at V, to zero at V ? . The acceleration 
ff c 

fifteen these speeds therefore decreases from the maximum 

fflue (about 1 or 2 m.p.h.p.s.) to zero. V ^ i s the maximum 

Issible speed, and. requires a motor tractive effort to 

Maintain it. If the power is shut off, the train resistance 

plows the train; at a speed V the decelerating force is clue 

to the train resistance at that speed* If the curves o-f 

Imotor tractive effort and train resistance versus speed are 

!Ktovm, the foregoing method enables the acceleration and 

deceleration of the train at any speed to be found. '- It mi* , 

be shown later how the speed—time and distance—time cuj^/es o> 

train can be calculated from the acceleration— or decc-j.— 

Cfixtion—speed curves. 

\ :fA 

There are three speeds of importance: the crest speed, 
which is the-maximum speed attained on the run ; the av erage, J 
speed, which is the jyiean spe ed from start to sto p; a nd t he^ 
schedule speed, which is the mean spee d when the st op periodi 

_ .• - j.. 

rs included. Thus in the speed-time curve shown for a 

t.ine service the crest speed is 56 m.p.h., and the averagp:^ . 

speed is ' ■ ^ 

(12.5 X 60)A6 = 46.8 m.p.h. # - ^ 
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If the stops are 2 min., the schedule speed is 


p" 


H 


(12.5 X 60)/(l6 + 2) w 41.6 m.p.h. 

5dm^Xified^Sgeed = Time^Curves. 

The speed-time curve of a city service can be repl-ce 
by a quadrilater al CEig. 4) (a) or a trapezoid (Pig. 4 (b)), 
Whilst that of a main-line service is best and most early 
replaced by a trapezoi d (Pig. .4 (c) ). It is much easier 

to calculate the performance of the train from the simplified 

speed-time curves, and the results are accurate enough for 

most practical 

Speed 



(a) 



A 


- -V 


\ 


\ 

\ 


w 

\ 






' ( 0 L- 


vJL 


tg»4 Approximat & Spe ed—Time Cur vg 0 

p u rp oses . The following examples illustrate the method of 
calculation. 


£ • 


The time-speed diasrsm of on electric train is repres¬ 
sed by a uniform acceleration of a m.p.h.p.s., coasting 
of V m.p.h., and unifonn braking retardation of b m.p.h.p.s. 
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the time taken to run a distance of S miles between stops k:%. _ 
if I sec,, s that 

V « [ T - x/CT 2 *”- 14 


, where k » 


In this case it is assumed that the c oasting speed i s 
constant—it would be better to call this free running—*so 
that the speed-time curve is as shown in Pig, 4 (c), The 


*.•* v!j 

- u * ’ ^ 

(a + b)/2ab, - : ij 

- 




acceleration is a and the final .speed V, so that the duration, o 
of acceleration is V/a and the distance travelled in this *•_ e 
is 

5« (V/a) 2 = '/a (V 2 /q). 

Similarly the duration of braking is V/b and the distr. ... 

p 

t-avelled in this time is V /2b. The time of free running is 
tnus 

T - 

T - V/a - V/b, 

a/)^ the distance travelled in this time 
V(T - V/a - V/b) , 

T'h€ total distance is thus 

S » V 2 /2a + V 2 /2b + V(T - V/a - V/b) 


;1 


: • v;YV:; 


= VT - (V 2 /2a + V 2 /2b). 


This is a quadratic equation for V, viz 

i 

V 2 (l/2a + l/2b) - VT + S » 0. 


In this equation a and b are in m.n.h.p.s., V iii;-mi;p 

, " ‘ -tlS 


-T in.sec,, so that S is in 

miles per hour X seconds » 


- ■ r -0 Jg 


3 ^ 00 ' 


miles. 




I . ^ 
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want the distance in miles, S say, we have 


S/3 600 « Sor S =» 3 


S. 


1 >The equation for V becomes 

kV 2 - VT + 3’600S =0, ( ( 7 ) 

k = l/2a + l/2b « (a + b)/2abj 

The soii/.tion is 


V =”T/2k + (l/2k) J T 2 - 4 X 3 600kS 

= (l/2k) (T + /(T 2 - 14 400Sk)J. 

To determine the correct sign we note that the time of 

free running is --- 

T - V/a - V/b o T - 2kV « }.J(T 2 " 14 400Sk>. 

It is thus necessary to take the lower sign, and we * 

V . =» (l/2k) [t - ^f(T^- 14 400Sk) J 
and the time of free running is J (T 2 - 14 400Sk) 

on Sc hedule Sp eed of Acceleration, Braking_and_Distanco. 
Equation (7) gives a general relation, for the trapeze - del 


-Vi 

@! 

i 


speedtime curve, between the maximum speed, acceleration, 

retardation, distance, and time of running. Its main U5<? 
for finding the maximum speed necessary or the acceleration 
V&quired for a desired schedule speed on a given line. The 
following example shows how this is done, 
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Example 

An electric train operating on a suburban service. 

A maximum running speed of 38 m.p.h. The average dis 
lpctween stops is 2 200 yd* and the schedule speed inc 
a station stop of 20 sec. is 2-5 .m.p.h. Calculate the 
sary acceleration, allowing a maximum retard ation of 2.5 

b ’P& \b) 

As the distance S is 2 200 yd. = 1.25 miles and the 
aohedule speed is 25 m.p.h., the_ti me of travel plus the 
of 20 se c * is 1,25/25 *=» 0.05 hr,, i.e. 3 min, or 180 sec, 
time of travel, T, is thus 180 ** 20 = 160 sec. The maXiwtum 
speed V is 38 m.p.h. Equation (7) can be written as 


k « (VT - 3 600S)/V 2 « l/2a + l/2b. 


So that 


l/a= 2(VT - 3 600S)/7 2 - 1/b 

b 2 (38 x 160 ~ 3 600 x 1,25) _ 1 


" 38 

= 1.76 

a flJ the required acceleration is 

a = 1/1.76 a 0 _j5 Z m.p.h,p.s. 




< \6 t alculation_0f j _Sgeed^Time~Cur^^) 


We have seen that the tractive effort available for 


acceleration is the total tractive effort less that required ’ 
to overcome train resistance and gravity. We can rewrite 
equation (5) as 


or 


102 P t - w r - 22,4m , 
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that the acceleration is 


^ = (P t - W r - 22.4WG)A02\V e 


(3) 


V ' ” e 

The total tractive effort and the train resistance are 

given, in the form of curves, as functions of the speed, as 
N^hown in Pig. (3). We can then calculate the acceleration 
at any speed v. As 


(t^ ; = dv/dt, dt = dv/f>; 


and thus ‘i'lr / ~ dv , (1) 

!'X ' 

Equation (8) expresses time as a function of the s v", 
i.e. it gives the time to attain a certain speed under 
v/arying acceleration. By making t the abscissa and v the 
, ©Jrdinate we obtain the speed-time curve, from which the 

complete performance is easily found in the xr ay shown abov-., 


During coasting and braking both an dv are negative, 
b4t the method is just the same. 

If 0( is a simple function of v the integration may be 
possible in known functions; otherwise a graphical method 
must be used. The method described is applicable to rotating 
machinery ns well as to traction, in which case is the 
angular acceleration, v is the angular velovity, and we 
replace mass by the moment of inertia. 

The graphical method of obtaining the speed—time curve 
is the following. We plot l/o( against v; Pig (5) show" ;his 
curve for the traction system represented by the curves of 
I’fg* (3). 1/is approximately constant up to the speed 1, 
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increases to < 3 ° at speed . She time t to reach a i. • d 
V is given by the shaded area shown in Fig.5. Thi3 is ... or 
several values of V, and a table of t against V is writ .oil '.own 



maximum current give the tractive effort-speed curve of the 


motors» 


j|SLe] A train has a total’ weight of 116 tons and is e<^|| 
with four motors each of 275 K.p. The characteristics of 


and the train resistance are given by the foll owing table ,^^g| 

’ ——- 'r4^Sffir 


100 

200 

300 

400 : 

51 

31.4 

26.4 

23.? 

390 

1 600 

2 $60 

4 33< 

11 

10 

9 

< 


Current (A.) . ••• 

Speed (m.p.h.) 1. ••• 

Tractive effort (lb. wt.) ... 

~^ain resistance (lb.wt.per ton) 11 

The ratio of the effective weight to the dead weigh$^|^^ 
train is 1.1 to 1. The mean accelerating current is 
Motor, and the bribing retardation is 2 m.p.h.p.s. A run of 
£).$*> mile - is to be made in 115 sec., there being, 

0 ^ average up grade of 0.119 per cent. Calculate the r.m.s . 
current per motor for the runo- 55 u-vrvo^o 
duwicj Coo^st'iA^ |0 


d 


7 































,._shows the current-speed and current-tractive effort 

curves per motor. The current is not allowed to exceed A. 



- 310 lb. wt. : vie now construct a table of P,, p , w and u 

t» r* ~g u "a, 

against speed, and from P & we calculate the acceleration a ,.ro: 

equation (4), vis. 



102W 

e 


sinceMW iis 1.1 x 


the dead mass 


P 

a 


102 x 1.1 x 116 


FU 

i 3 oo a 
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!)pC';SC 


23.5 


26 


28 


; . * 


i* 

W M * * 

V* 


j|j . 18 600 1.2 800 9 760 7 600 4 800 3 200 2 080 


>**?*«' 


I *< - 

— 


1 160 3 050 1 050 1 160 1350 


: X 


17130 11440 8400 6130 3140 1310 


O.76 1.14 1.54 2*13 4.16 10.0 



1.32 0.88 0.65 0.47 0.24 0.10 -0.007 


Big.7 shows the curve of 1/a against speed. Unit length along 
the abscissa is 1 m.p.h, and unit length along the ordinate is 
1/10 m.p.h.p.a . t so that a unit square represents 0.1 sec. 
counting the squares between ordinates we get the time between 
j;iven speeds; thus the time from 0 to 23.5 m.p.h. is 17.3 sec., vi; 
from 23.5 to 30 m.p.h.8.4 sec., end so on. The speed-time 
is then the following. 


Speed ... ... 0 

23.5 

25 

30 35 

TIT 

. 0 

17.9 

18.5 

25.7 40.7 

86.2 


fls.e shows the speed-time curve. The time of the run is 
\.V5 sec. and the braking retardation is 2 m.p.h.p.s., so that 
"tll^ 5peed-time curve for the braking period is a straight line 
thfcJ^h the point t = 115 on the. tim.§-axis with a slope oi 2 
jfl, j). Kp .s .; thus it goes through the point correspond in..; .o 
t = 100 and IT = (115 - 100) x 2 = 30 m.p.h. As the ru;. i3 
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; . 1 

ahhrt there will be no free funning but a coasting period, 


. during which there will be a retarding force due to train 
resistance and gravity. Let us take these as 1 160 and 5V& 
respectively, and then the retardation during coasting if? 

* 1 470/13 000 = 0.113 m.p.h.p.s. 

Tie coasting period is represented by a line of this slope . 
■*the position of this line is such that the area under the cortJ- 
posite curve, consisting of acceleration, coasting and braking 
CafVes, corresponds to the distance travelled, viz. 0.36 mile. 



^Cttfpent per Hot or,. ‘..40 
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In the figure drawn, unit abscissa is 2 sec. and un$f|f| 
Pordinate 1 m.p.h., so that unit square represents 

2 1 
1 x —- miles = -- miles 




3 600 


1 800 


" v 


The number of unit squares under the composite curve 
If thus be 1 800 x 0.86 = 1 550 . 






jlepl 


A quick end easy way to find the position of the coastihgfg 


Ixiie is to add up the squares contained between the accele^d sBnMIfl 


-• and braking curves, the time axis and parallels to the latter^ 


•^Wm 


: :V.s up to the parallel through a speed of 10 m«p-.h. the numbef piil 



A 


, /up to 20 mJp.h./IL 020) 


squares is 

Coasting line must lie therefore between 


he 

■yrt-p-h )—r -.=* ^ 11^1 

§§■ 


horizontal lines'^? 



representing 30 and 35 m.p.h., rather nearer the higher lineslfjSHJ 
It is simple to move a ruler so as to be parallel to the coastil al lL 

'■ • * ssseSHm 

| ing line and count the squares between the ruler and the line I If 
= 35 m.p.h.: the position required is where the area is r?f| 

| 1 605.- 1 550 squares, and is shown in Pig.8 

The run is made as follows. Acceleration for 45 sec. 
a speed of 36 m.p.h. is reached, coasting for 55 sec. 
which the speed drops to 29.5 m.p.h., and braking for t hd- 
I 15 sec. The upper part of Pig.8 shows the current-time cur 



“3$g 

3?stpl 




■ ,m 

... 

iVaH ::'mm 


which is derived from the speed-time curve and the current-speedi I 
curve of Pig.6 


wm 


The r.m.s. current gives an indication of the beating of 




5 He. motors. To find the r.m.s. we plot (current)^ against i tiiiig.,-^Vt:r^ft 


o-ntd the area under this curve, divide by the total time of - WgBF 

: . : W - gr ..... _ , 

11-7 sec*, ana take the square root. It is found that mean • sCjt4xro : ^-'■ 

.1 . V. 
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M^8 400 (amperes) 2 and the r.m.s. is 196 i. 
' -Traction Motors — 


The types used are the series or co/p 
powpd motor for d.c., series for single-phase, and induction 
fl&fcor for threephase. The conditions of service are very 
severe, so that the traction motor is built on very robust 
(/.A2S. As it has to be protected against water and mud, it 

> ^ totally enclosed, and if necessary .ventilating ducts are 
Specially arranged in the design, 

The series and lightly compounded motors have a torquo- 
speed (or current-speed) characteristic that shows a rapid 
variation of speed with torque, whilst a shunt (or an induct!., 
motor has small variation of speed with torque. Fig.9 a ,, ou!s 

the two typq, of characteristic. Suppose we have two identical, 
driving different wheels that are not connected by a rod ; 
if one Wheel is waller, it has a larger angular velocity 
the motor driving it will have a higher speed than the £ ter . 
We represent the speeds by / and H," , on either side of a 

normal speed If the motors have a series characterist/c, 

cue torques are ay and *y , „ hich are saon to be nearly 

equal, so that the motors share the load fairly. If the motors 
jiWea shunt characteristic, it is seen that they share the 
Load very unequally; as shown in the figure, the higher speed 
motor is acting as a generator and is doing less than no useful 
whilst the other is doing more than the total mechanic*-!!, 
necessary work. Whilst this would hardly occur in practice , 
it is nevertheless true that the motor would share the work 
ry unequally, and for this reason motors with a shunt-chei ct« 
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cannot be used on individual drive. Induction motors on “Iff® 

phase systems have -their driving v/heels -linked by ~ 
connecting rods.' 

Sta rting and Speed Control of D.c. Motors. The 

of a d.c. series motor can be varied either by varying the 

field or the voltage applied to it. l'he field can be var- 

1 led by tapping on the field .or by a shunt across it; the 

letter ia called “ field weakening." The voltage applied 

Corfi fee varied in three main ways, by means of series kas- 

otance or the series-parallel method, by the metadyne , 

by the V/ard-Leonard system; the lost method is not used 
in traction. 

?or the purpose of starting field control is clearly 

useless, and recourse is hsri oi+ua- 4. 

is nacl either to series resistance 

(notching) j the series-parallel T-to+hn/i • 

I rc.tij.ei method m conjunction with 

Senes resistance, or the metadyne. 

notching. The current in a aeries motor is given by." 

E - kill = ih, 

01V 1 = E/(R + kll), 

Wtew E is the voltage, H the speed, , k a constant of the 
field and armature, and B the d.c. resistance of the armat 
and external resistance. At zero speed the current is fif/R; 
external resistance ia inserted to limit I to come prelt-’ 
fpinned value, an., as the motor speeds, up the current drops 
- the external resistance can be reduced eventually to 
‘"O' CUrr ° nt (or tor ^ curve) is like that shown in ‘ 


iS|® 




1 1 , 
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4^*3 • The method of c&lculflting the steps of resistance 
.is given in Electrical Technology, by H. Cotton (Sixth Sdj.- 
"t v>^r., pages 143-6). In this method of starting, known as 
fVCtrciiing, the resistance is put in series^ with the motor so 



Jc 


j \ Shunt Characteristic 

V 


or Torque 



Series 
C har act e r i a ti c 

r 

i 


Pig. S 

that the current has a certain maximum value, I say, auu 
Nrtlains until the speeding up reduces the current to a 
CCtain minimum value, I., say. The resistance is then red¬ 
uced so that the current regains the value 1^ and so oc 
U^itil no resistance is left. 

Sgries-paral lel Control. The current in the series res- 
glance of the last method of starting a series d.c. motor 
Evolves a great waste. Part of this waste can be avoided 

by the seriesparallel method, when there are two or more 
motors. 

If there are two motors, they can. be started in series 
with a limiting resistance, run up to half speed (when the 
Scries resistance is zero and their total back e.m.f. is 
equal to the supply voltage), switched over into parallel 
./ith limiting resistance again, and then run up to full 
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'•/hen the back e.n.i. of each is equal to the supply v®l 
-Cf there-are- fourmotors, more combinations arepossib] 

;« series, series-parallel, and parallel. 

Ihere are tv/o main methods of effecting the change from 
series to parallel, the shunt-transition and the bridge- 
transition methods, which are shown in Pigs.10 A. and B. In 
the former method the motors are run up to the full series 
position, when the series resistance is cut down to zero . 

'fhen some series resistance is reinserted,, and one motor is 
snort-circuited. Then this motor has one end opened, and 
tdiis end is connected across so that the motors are in 
The series resistance is then cut out as the motofs spe&J tt|3. 
The^e is a jerk in. this -system as one motor is shorted and Gev&^s 
io act, and then another jerk when it is reinserted. 

In the bridge-transition method, a resistance is put acr^SS* 
each motor after the full series position is re ashed, and th^ii^; 
Shorting bar between tho motors is removed, leaving the'-motoraSI, 
\£acn in series with a resistance) in parallel' with ectdh etthe^-.^ 
St the resistance across the motors have the correct value., 
forcing bar has no current, since the arrangement is that>;o£r4jP 


i Wheatstone- Dridge, and the transition is perfectly smooth.^ . 


'*^ '*rns'^j Yrr . n ,_r\-o 1 
'Oryv'> Q_ r/yn £)-0 J 
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Pig.10 Shunt-Transition Method 
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Parallel 


S—:. Pls * 10 B ** Bridge - Transit ion Mi 


Method 


Pig.ll shows a simplified tom of the power diagram 
A 1500 volt d.o. train equipment. L,, L 2> L and 1, are 
1 .UW switches and are used in series pairs, ,-otors 1 and 

iff ** “* have tilr «« breaks 1 t and p . 

• otors j and a .are m series and have the breaks I l 
- **' Brldsin e contactors S;L and S 2 have full Une vol . 

^ of 1500 volts across them when the motors are m 

^ fOT thts there are two breaks. Ee .,_ 

/.stance W protects the system at switch-on in case there . 
<\3 a fault in motor 1, 

' . \ 

.. T '- n ° tcil, - A ’A hhd 3 Close, and then 1. 

•“““i' She motors are then in series with full limiting 
edistance. Contactors R then operate on the following " 
etches, and the motors are mnning in series on the f uU 

7 and s opens, and the ' 

*10 tor aro C|+n 1 1 _. ~ == ---—“ ?*----— 


K 



-~^- atl l £ ln Contactors H tSTopen, iW 


<y 





















































TiH -.11 Power Diaggam Of 1500 V. Ij.C. Train Equipment 

i.| -J ' 


: — ^ - c 3 ) 

, sj mi 6, open, jpiU-jig m0tl ? r3 8X6 then ^ 

lt h full lTrtlwng^istano^. Contactors R 


thjis resistance and'the final parallel arrangement u 

BBS,® SAVSD BY SBEIES-PARALLSL COHIROL; Let ua cons 
cases (i) where the uotors are started in parallel wi 

ins resistance, and (ii) whe:rs they ar ® started by 
parallel method. In both cases we assume that the aerie 

Uniting resistances are continuously varied so that the 
rent through each motor , whether in series or parallel, iS 
equal to the maximum permissible value. It- follows that 
motor produces a constant torque, in whatever combination it 
f:f.njs itself , ana thus there is the same constant accele 
\.0f) in both methods. We will assume further that armaturea, 
series field resistances can be ignored, as they are small 
£ 0 fJlpared with the limiting resistances. 

I'ig. 12 (,a) shc-v/s the electrical conditions in the first? 
ca$e . The total curiont drawn from the supply is 21, where 
I is the maximum permissible value per motor. The spe^d , 
and with it the back e.m.f., increases with time, until the 
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e.m.f. ia equal to the supply voltage at time At 

t r the back e ^7f7ig pq an( j the voltage drop in ij,* 
ting resistance is QR. 

(OB or LB) 


(OB') 


Voltage 


Time 


^PV' / Wv v { ^ 


M 


Time 


(a) Fig .12 Snergy Losses f h \ 
mu_. J . During notching v J 

The power dj.ssip.ted in the resistance is thus 21 . QR , md 

the total energy lost in the starting process is therefore 
21 times the area OBC, 

Wg. 12 (b) shows the conditions in the second case . 

The motors speed up at the same rate as before and then,- . 
fore the back e.m.f. of each motor is represented by tie 
•line OB, as before. The back e.m.f. of the series com- 

^-nation, however, ia tv/ice thic. - . 

. / lls VQ l ue ann is represented 

V ° B ’ " herG “ is mid - wa y between 0 and A and io rc -p- 

reeents half the supply voltage. The voltage across the 

^.uniting resj.j-.nce during the series period is thus Cm, 

"■the current is only I, s0 that the energy lost is I 

the 00B '- At tijne *H thc ‘ are switched 

info the parallel position .and the back e.m.f. is represente’ 

Dy the line mb n, h-c -c- 

rgy lost in this period of the 

atnrtW i- pr 

o lo c j. y .IjuB * ii.rp f t> • . 

rea ,ib B, since the total current ig 
now 21 . 9 
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If we represtat the supply voltage by V and the* *starting 
period by the^energy^lost ^in the first method is 

21 x OBC = 21 x y 2 V x T = IVT . 


In the series-parallel method the energy lost is 
^Tx OB' C + 21 x HB»B 

= (i x y 2 v x y 2 T) + 21 x Yz m x yje) 

= J^IVT._ 

energy input to the motors in either method is 
• 21 x y 2 V x T = IVT , 

since each receives a current I at a mean voltage 14V. Thuif 

the efficiency of the first method is 50 per cent, whilst 

2 

jyj the seriesparallel method it is 66 per cent; The 
5eries-parallel method enables a saving of 15 to 20 per 
cent of the total energy to be obtained in ordinary tain- 
running; moreover, it allows two running speeds (four 
tap-field control is used in addition) . If four motors 
aused they admit of series, series-parallel, and parallel 

combinations, and the losses in starting are 37.5 per cent 
of the energy used (ns compared with 50 per cent in the series 
parallel method and 100 per cent in the simple parallel 
method); there are three speeds (without the use of tap-lie^ 
control) whose ratios are 1 : 2 : 4. This method is used »n 
.f-FoUght trains but not for trams, where series-parallel (sno*t 

• :v . / ‘ 

recently with tap-field control) is used. 

) 

In practice the effect of the resistance of the mot - 
is not entirely negligible, but the method of calculating 

performance of seriesparallel starting is not essentially 
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altered. The resistance drop in the motor is constant, 

' If 

^ihcs~ the" current is considered constant , and this is f. 

| 

subtracted from the supply voltage; the difference is 

) 

available for back e.in.f. and voltage drop in the limit- 

l¬ 
ing resistance and the method is then as shown in Fig.ID. 

t 

l 





The Metadyne. In the methods of control described. 
t^b°ve, resistance is put in series with the motor and 
slowly cut out. During this process of notching, which is 
jerky, a great deal of energy is wasted in the resistances. 
"XhC* metadyhe achieves smooth control without dissipating 
fifltfrgy in a resistance. It is, in essence, a rotating 
transformer for d.c. power with a transformation ratio that 
can be varied (continuously, if desired). Thus it can draw 
power from a constant (d.c.) voltage source and deliver it 
at a constant current and varying voltage to an accelerating 



























































n m 


& 

vr 






- 35 - 


motors this is clearly the best way in which the motoj^pfc 


receive power. 

The metadyne has a d.c. armature, but twice as mcjiy 

polos and brushes with the given armature as an ordinary 

d.c. machine. Pig. 13 (a) shows an ordinary d.c. machine 

with two poles and two brushes: a current flowing in the 

direction shown causes the armature current distribution 

shown in the figure v/ith the corresponding cross-flux , 

which is mainly restricted to the pole faces. 

Pig.(b) shows the metadyne using the same armature. There 

are four poles and four brushes, as shown, and current 

1 ^ produces an armature current distribution as in Pig.13 

(a). The fiux due to the armature current is now provided 

with a path through the yoke by the four poles in the way 

shown. This primary fiux produces an e.m.f. in the armature 

between the brushes B and D, so that a current Ig iipws 

through the load in the direction shown. The load current 

I p produces the armature -current distribution and fi’-x shown . 4 ® 
“ /tit? M 

in Pig.13 (c). This secondry fiux produces an e.m.f. between ^ 

brushes A and C, which neutralizes the applied voltage E^ 

(except for the small resistance voltuge-drops) . '- 

Suppose that the metadyne is run at a constant spaed 

and that resistance voltage-drops are negligible. The e.m.f. 

produced between brushes A and C is and is due to the fiux 

produced by current Ip; the fiux dug to produces e.m.f. 

between brushes ^ ana a We have therefore > 

\ = hi 

Similarly 




■ 2 * 


e ? = kt, 

•' -i- C. -rl 
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wi§Gre K is a constant depending on the construction of the 
■inachine and the speed. We seo that 

^1^1 ~ * ••• i . (9) 

i.e. the input and output powers are equal. It is necessary, 

thereiore, to supply only the running losses of the machine. 
Loreover if the supply voltage is constant, the load 
current ^ is constant, no matter what the resistance of 
the load may be. If the load resistance increases, the load 
current remains fixed, but the input current increases to 
supply the necessary power* 

The scheme shown in Pig.13 (b) is perfectly adequate 
to start a motor at constant current; the load is then merely 
the motor. Since the action is reversible (i.e. the currents 
can be reversed), this scheme would also give a system of 
regenerative braking , in which the motor sends back a cons¬ 
tant I~ to the set and thence 1^ to the line . 

When the motor load has reached its maximum speed it is 
necessary to diminish 1 2 to the running value. This is done 

by means of variator and regulator windings in the following 
way. 

The variator winding is wound round the poles so that 
the fiux lines are like those due to the secondary current, 
i.e. as shown in Pig.13 (c). The variator excitation is 
said »o be positive if its fiux is in the some direction as 
6hose due to I g , and negative if the fiux is in the opposite 
direction. The use of the variator windings destroys the 
transformer property of the metadyne, as expressed in equat¬ 
ion (9). Por if the variator winding were given enough 
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current to produce the fiux yielding the back e.m.f. 
the current I 2 would fall to zero , and then there w 
be on input but no output. The metadyne would then speed 
up. Conversely if the variator ftvix were equal to the 
fiux produced by I 2 in the absence of the variator 
and opposed it, I 2 would have to increase by 100 per cent 
to overcome this fiux. We should then have an output equ 
to twice the input, and the metadyne would need mechanical 

power, equal to its input electrical power, to keep it run¬ 
ning. 

The metadyne is maintained as a transformer by means 
of a regulator winding, which produces a fiux as in Fig.13 
(o). This fiux affects the output current and power, and 
if the current in the regulator winding is correctly adjusted,’ 
the output power remains equal to the input power. 

Tnc effects of the armature, variator, and regulator 
currents can be summarized in the form of the equations 


ond 


( 10 ) 


Constant 

Voltage 

Supply 


Variator 


.Winding 


jsxciter 


Fig.14 Complete Metadyne Set 
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where I v and I p are the variator and regulator currents , 
and k v and k^ are constants of the machine, the windings, 
_ana tne speed. The input and-output powers -are 


and 


P i = hh = KI 1 I 2 + k v I l I v 
P o = E 2 r 2 = KI 1 I 2 + k r I 2 I r 


) 

) 

) 

) 


(ID 


The condition for transformer action is 


k v 


Wv “ k r P 2 P r ' * * • 


( 12 ) 




| 


Pig.14 shows a completo metadyne sot, which may be 
,used for motor starxing and regenerative bralting. The 
method of exciting the field of the exciter is determined 
by the required current-voltage curve of the load (i.e. 
secondary). Pig.15 shows a set of characteristics. The 
secondary current-secondary voltage curve is determined 
by the requirements of tho load. The primary current 
urve is calculated from the fact that the input power 
equals the output power, i.e. ^ = I^/E-, , E ± in this 
cast- being 600 volts and is along the abscissa. It 
is assumed that :n the set a secondary current of 200 
amperes is required to produce a backe.m.f. of 600 volts 
i?i the primary circuit. Prom this assumption and the 
curve of secondary current, the curve of variator current 
is drawn for a variator winding having the. some number of 
turns per pole c.s the armature winding (i.e. for = K). 
Then from these curves end equation (12 ) the regulator 
currc-r.t it e^lcuiuted and the curve drawn, again with k =K. 




modifications are required, of course, to allow for 


dr °P* iron saturation, windage losses, eife 
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-The mctndyno has applic at ions wherever control of! 

motors is required. The control is smooth Gad requires/ 

switching, so that switchgear and arcing are avoided,,. 1 ' ?'I 

600 case3 it is cheaper than the Ward—Leonard systejn-'ints^^ 

. j Secondary 

■ 1JKJ }■ Amperes 

400 


Primary 


100 


bDO 


.? 00 ‘ 

Pig.13 Current-Characteristics Of ^atadyne Set 

first co31, In traction it provides smooth acceleration, 
without skill on the part of the driver, and regenerative 
braking clown to very low speeds. It is already being 
used on the Underground railway. 

Icicle Weakening or Tapped Field Control . When the motors - 

/ y . ~ ’ r ~ ™ 1 . ■ ■ A:% 

have run up to full speed, an increase of speed is still 
possible by cutting out some of the field turns by means|i;^V'J| 

of tapping or by a shunt. It is usual to have not more:; than 

v.iA;vhhij|| 

two tappings giving 15 and 30 per cent increase in speedieh 
l'he results ore best explained by an example. ^^ Y 


U-iii.iFIiJi!. The following figures 

relate 

to the 

serie s-wound V, 

motors of an electric locomotive 

] 

- id 

' hUh''" 

Current per motor (amperes) 

200 

300 

400 h .^5G0 

Tram speed (m.p.h.) 

41.5. 

33.5 

23.5 3- 28.0 

Tractive effort per motor^lb.) 

1 300 

o 

hO 

Tf- 

CM 

3 660 4 870 
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" Calculate the values of speed and tractive effort for 
the same rdnge armature current when the series field curr¬ 
ent is reduced 20 percent by a field diverting resistor. 

A clear picture of the action of a field diverter is 
obtained by plotting speed and tractive effort against 



shov;s the curves for the values given above in full line. 

If the field current is reduced 20 per cent by a shunt 
resistance, the field current is 0.8 of the armature current. 
Thus when the armature current is 500 A the fiux is that 
produced by a normal field coil with 0.8 r 400 = 320 A., and 
as we ignore the resistance drop in the armature and assume 
that tne supply voltage is constant, being equal to N 0 
the speed with the reduced field is that which occurred 
previously at 320 A. Thus the point P on the speed-current 
curve becomes the point P^. In this way wa get the speed- 
current curve for the weakened field. The tractive effort 
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ia proportional to 10, i.o. to I/N at constant voltage 

v supply. The tractive effort at 400 A. with the wenkened'a;|| 
field, is thus 

3 660 x = 3 260 lb. 

! J2 

| Fig. lo shows the new tractive effort-current curve 

n. 

f rif is simple to derive the new tractive effort-speed from the?" w ^^ 
two nev/ curves. 

^ /Starting and Speed Control of A.C. Motors . The methods 
adopted differ considerably according as to whether the motor 
is three-phase or single-phase. 

. .Three-phase Motors. Starting is done by nouns of liquid 
or metallic rheostats in the rotor circuit. 

Speed control is effected in two ways, by cascading and 
pole changing. The effects of these methods are seen from 

f 


r 


1 1 


Stator if 
__T 7 -» 


| Stator I 


'{ 

i 


1 




Rotor I ^ 


V«Av^\ 


J 


Rotor lx 

A..O . _ 




.'VvV/ 

L_ 


T 


.17 Cascadd Conneotion Of Motors (Electric Traction 

(Dover) s- 

the following equations, which hole! for an induction motor. fVs 

Speed = f(l - a )/p .(13a) 

and Rotor power dissipated = ksfT/p, .(13b) *, 

where f is the frequency, s the slip, p the number of pairs 
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olTpolos, k a constant, and T the torque. 

—f power wore dissipated in the rotor by moans of 
resistance , the slip would increase by equation (13b) and 
hence the speed fall by equation (13a). Instead of wasting 
tnis power it may be used to drive another induction motor; 
and thus we achieve the cascade connection of Pig.17, in 
which power 2.3 taken by 3lip rings from the rotor of the 
first motor to drive the second motor. The rheostat in the 
second rotor enables speed regulation_up to the cascad e 
sy nchronous s peed, which is f/(p^ + p 2 ), whore ?1 and p 2 are 
tne pairs of poles in the two machines, which are coupled 
mechanically. If the motors have equal numbers of poles , 
the cascade synchronous speed is half that of a single motor. 
The two Motors provide approximately equal mechanical power. 

A disadvantage is the low pov/er factor of the combination'. 

—iqUcifciOii (luc.) shows that if the number of poles is 
changed -.ie apc-uCt is changed. The ways in which the number 
of poles can be changed are numerous and complicated; but 
the principle may be illustrated simply as in Pig.10 , where 

a winding is shown as giving 4 poles and 3 poles by altering 
the supply connections. 
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i AtiS le -phase Motors . The voltage con be reduced onfi 
starting without the use of resistances, and this gives 
.large saving of energy; it should bo noted, however, that ” 
advantage of the a.c, system has been to a largo 
extent neutralized by the introduction of t.ie Metadyne. 

In the a.c. system, as the power is supplied from 
tho line by a transformer, all that is necessary is a num¬ 
ber of toppings on tho secondary of this transformer . 
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fig.10 Connections Per Contactor tothod 
, ap- Changing 

v...leetrie Traction (Dover)• 

coil io used to ensure satisfactory operation, 

uanner shown m Pig. 15. In the case shown there arsi 

ciia at each position two adjacent contactors. 

are closed. The preventive coil ensures that the part of 

the transformer secondary between the two contactors is-not 

shorted. A very important advantage of this method is that 

each notch is a running position, so that there are available 
many speeds of running. 

•' ,/El ec tric Braki ng On trains, trsms, and trolley 
US. a there are available mechanical on,J electrical brakes, 
i-e wool brakes, which ore jpfehanical, are worked by com¬ 
passed air on trains curl by hand on trams or trolley buses. 

5 “ 3 thS " eCtl “ lcal brs.es consists of one or more 
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na U* of wooden blocks, which arc pressed on to the ti -ok 

gradients and utilizes the weight of the car. The «M5^ ^ 
tl ,c, *ci» coasts of olactro.^ts, v,hfch - 
no^lyto clear th. trade, v,hen they are enorgxaed toy 

are attracted to the track. 

-There are three toportant meth ods wlwroln thoj-in* _ic 

■■ | 

(3) regenerative braking. ? 

’ U) In^plugGihg. the torque of the Botor io horsed and j 

this brings the car to a standstill. In c. d ,c . mo . , 

■reversed torque is obtained by reversing either the field or | 

, frnt both)- it is usually convenient xo - 
io nature current (not bo in;, 
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Plugging 
ng a Series 


•A.oMt-tic Braking 
Running l. wjkfcn r h'ith n 

-jrr.Pl Rheostatic -dun b - . 


Series 


s lot or 


the armature current. Pig.20 shows the running 
rging connections for a series motor. In the nin¬ 
ths back e.m.f. is nearly equal to the sup- 
o end opposes it, so that a small voltage is 
:drive the normal current through the small 

In the plugging position the back 
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c-. M .f. is in the sene direction as the supply 
vnat at the instant of switching twice supply *S§§L 

SM “ cn6rmoua ~*1» of current would take plac J||f|| 
twice the current taken by the stationary motor orit^^H 
voltage), limitijig resistance has therefore to be 

Series with ths Kot <^ . Durifig- the braking period 
supply has to give energy (at"the. rate of VI watts), and. m T 
this energy plus the kinetic energy of the car haa ^to -be. 
dissipated in the scries limiting resistances. The.method * 
is thus wasteful of energy, although it is efficient for " 
braking purposes, 

Plugging can be achieved in on induction motor by 
reversing the direction of rotation of the magnetic field, 

•and this is easily done by reversing the connections to 
two of the three phases. In this case the current does not 
increase to an excessive value. By using different values 

of rotor resistance, any doeired speed-torque braking curve 
can be obtained. 


•Cg 


(2) In rheostatic braking the motor is disconnected from 
uhe supply and connected to a resistance. The kinetic 
energy of the car drives the motor which then acts as a 
gon-,xator and dissipates energy in the resistance. This 
ueti.od can be used for d.c. and synchronous motors. 

In tne case of d.c. shunt and synchronous motors the 
-ield i- kept across the. supply, hut the armature is switched* 
from the supply to across a resistance; if the supply fails, 
the field disappears and there is no braking. 
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result that equal excitation is achieved in both small 


W: 


Rheostatic braking cannot be used with induction motorsf^ 


(3) Plugging and rheostatic braking involve the wasting 
of the kinetic energy of the tram or train, whilst the former 
even draws more wasted energy from the supply during the 
braking period. A worth-while economy is effected if the 
kinetic energy of the vehicle con be turned into electrical 
energy and pushed back into the supply. This method is known 
as regenerative braking. 


The induction motor acts automatically as a regenerative 
brake at speeds above the synchronous speed , and is of 
special advantage on mountain railways. It is found that 
the motor returns up to 20 per cent of the total energy or: 
certain railway runs, and saves a great deal of brake shoe 


wear. 

The series d.c. motor cannot be used for regenerative 
braking without modification. For if the motor is to act 
as a generator its armature current roveisos and the series 
field connections must be reversed, otherwise the field flux 
will be neutralised and the build-up will not occur. But 


even if the driver wore skilful enough to reverse the field 
connections at the exact moment, the method would still be 
useless. For at the instant of reversal the e.m.i. gener¬ 
ated by the motor is small end is completely overpowered by 
the supply voltage, which drives current through the field 
in the wrong, direction, reverses the field and causes the 
e.m.f. of the motor to aid the- supply voltage. The result 
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is a short-circuit of the supply. The main trouble essociated 
with, rqgeperative braking by series motors is seen to be 
due to the lack of control of the field. There are various 
methods of overcoming this difficulty, either by modificat¬ 
ion of the -windings or by supplying the machine with separate 
excitation, 

Disadvantages and Advantages of Regenerative Braking on nevg_l 
Routes t 

In practice a number of difficulties and disadvantages 
are involved in the application of regenerative braking to 
level routes. The disadvantages, is so far as d.c. equipments 
are concrned, are briefly. 

The motors are larger, heavier, and more costly than 
those for ordinary equipements, thereby resulting in more costly 
mechanical parts (e.g. trucks), an .increase in the weight of 
the train, and possibly an increase in the number of motors, 
dditional equipment is necessary for the purpose of contro¬ 
lling one! safeguarding the regenerative action of the motors 
arid to* obtain suitable regenerative characteristics. These 


features result in increased first cost of the trains, increased 
(^^maintenance. charges on the electrical equipment, end increased 
complication in the control and method of operation. Moreover, 
difficu lties i nthe operation of the sub-stations may occur' Some¬ 
time' s.fgtjie, recuperated energy exceed the energy output from 


the suh-station. 


To offset, the disadvantages there are the following advantages : 


■ ■ 




Reduced energy consumption : reduced wear of brake shoes 
and wheel tyres; lo\y pr mainte nance costs for these items; 


fh } \ 
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relatively small amount of brake dust produced when the meo% * . 

toxical brakes are applied. — —... 

h - . « 

Experience with regenerative equipments on tramway and 
I trolleybus routes has shown that on level routes the energy 
consumption is about 10 per cent lower than that of a standard 
(series motor) 'equipment, the operating conditions being 
similar in each case. With undulating routes the saving may 
be of the order of 20 per cent. 
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Pig. 24 i French Method of Regenerative Braking . 


Motoring 


Electric Regenerative Possibilities on Main-line and Mountain 

P.oily/cya : The operating conditions on main-lino railways 

! 

having long gradients and on mountain railways are very xav- 
curable to electric regenerative braking owing to (i) tne 
relatively large amount of energy available during the descent 
ojTthe gradients, (ii) the exclusive use of electric locomotives, 
(iii) the operating conditions permitting the use (when des-^ ^ 
irable) of motors having constant~speed-™characterist.i&s - In 

these cases, even when d.c. series motors are employed, the 

. , . ... . ,'-. v ' * . i 

additional equipment necessary far regenerative braking adds 


<p> 

































but a. small percentage to the cost of the locomotive. 


The adva ntages due to regenerative braking on these 
railways are greater than those obtained on level routes. 
ThtffTrr~in addition to the saving of energy, there are 
large savings in the maintenance of the mechanical brakes 
a nd wheel tyres. Mo reover , owing to the mechanical brakes 
being used only to a small extent - $nd, income cases , 
not all all—during the descent of gradients, the danger 
of overheating of the brake shoes and wheel tyr^-s (which 
may be a serious menace with mechanical brakes) is elimin¬ 
ated, thereby conducing to greater safety in operation and 
more uniform braking. Further, higher operating spee^ on 
the gradients become possible and heavier trains can be 
taken down the gradients. 


In these circumstances regenerative braking results 

0 

ill a considerable reduction in the operating costs compared 
with mechanical braking. 

tactical Res ults. The Giovi-Genoa.lines of the Italian State 

|Mlpifer . : 

form a striking example of the advantages of ele- 
f^^^pg’egenerative braking oil a railway with heavy gradients, 

tjaact^on the capacity of the lines has been 
trebled,, due to Jbhe heavier trains which can be run on the 
down gradients and tjie higher speeds, permissible with ele- 
ctrj c braking . The running cost s have been found to be only 
at^oiit 75^per p ent of those when the lines were operated with 
3teCU ‘ 1 loc ,™ otive3 »* although the plant of the generating 
station is not_jfully_utilised^ These low costs are the result 
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of electric recuperation of energy on the down gradients, 

recuperated energy being of the order djf from 60 per 

. ... • ■ .•. . ■ " . " ». “ 

cent to 80 per cent of the energy consumption for the up 


journey with the some train Considerable saving is also 
effected in the brake shoes, wheel tyres, and rails, ns 
the mechanical brakes are only used for <3 slow-downs" and 
stops. 


Fig,L’4 shbvtiB —a well -known French method. During motoring 
the machine acts as a aeries motor, but has a main scries 
field .winding and auxiliary windings in parallel with it. 
During generation the auxiliary windings are switched (in 
series) across the supply, and the machine, acts as a shunt 
generator slightly and differentially compounded. If there 
ere several motors, there need not be any auxiliary windings. 
During motoring the field windings are in series with their 
respective armatures, and the motor circuits are in parallel. 
But during regeneration the circuit is as shown in the 
right-hand side of Fig.24 except that, in place of a single 
armature v;o have all the armatures in paralltl, and what 
ore shown a# auxiliary fild windings are the ordinary series 
windings of all the motors but one. 


Fig,25 shows the Metropolitan-Vickers regenerative system, 

which uses an auxiliary generator; this can be either one of 
# 

the train motors or a special machine . The magnitude of the 
regenerated current is controlled by varying the field stre¬ 
ngth of the auxiliary generator, and thus the regeneration does 
not depend wholly upon the speed of the trom. The stabilizing 
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V 

resistance is used to prevent current surges when the tram 
crosses from one section of the supply to another, and to 
compensate for variable line voltage (towards which regen¬ 
eration is very critical). Suppose that the line voltage 
rises, so that the regenerated current tends to decrease. 
The current in the stabilizing resistance, being the sum 
of the auxiliary generator and regenerated currents, tends 


9 


to decrease also. The voltage drop in this resistance 

v. +ve 

--- 

Sy' Main Generator Field 


Traction Motojt^.. 
used as /\j \ 

Main Generator' 

Stabilizing ^ 
Resistance v < ^ 

S % ^ 

•i- 

_L 


£^4 -fl'R 



Auxiliary Generator 


T 

separately excited. 






CLU- 


~ve 


a ±**• rietropolitan-Vickers Regenerative System 


Vp_ 

J. f- 14 oLecr*^ j 

V— S 




decreases and thus the voltage across the main generator 

field increases, so that the e.m.f. in the main generator 

* 

increases and thus compensates for the rise of the line 
voltage. 

The modern, tendency i s to use regenerative braking down 


ubout 10 m.p.h., then rheostatic brakin-? down to 4 m.p.h.-, I 

^ *■ 

impS’ finally mechanical braking to a standstill. This dim- 


i^teiishGs wear on the brake shoes. 

. ■- a :z\ 




'Bg^feters. These are generators inserted into n circuit to 
compensate t for a variable voltage drop* For instance if^the 
current in a feeder varies, the voltage supplied to the 
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(distributors may vary more than the legal amount. 5hxs . 
difficulty may be overcome by using very large gauge feeders, 

Jbut this is costly. -A more economical method is to insert a 
■^feeder booster in the feeder. This Dooster is 
_ .rotor in which the e.ra.f. is proportional to the field . . 

current, which is here the feeder current. By proper choice 
| of the constants of the booster, the e.m.f. con erectly neutralize 
I the voltage drop in the feeder. Mg.26 shows the method 
I adopted in practice. The booster is clearly a low-voltage, 

l i ■ . 

f|| heavy current machine. 

The effect of voltage drop in the feeders can be overcome 
I by using compound d.c. generators, but the use of boosters as 
more convenient when there are feeders of different lengths. 

'' • In a tramway system it may be desirable to raise the 
§ voltage of the line at a distant point. This can be achieved 

by running a feeder from the generator to the point and inserting 
a booster in series with the feeder, R + p e eder 

,- j y w v- - - " i 
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.26 Peecler Dooster Negative 
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Return Track 
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.. 

NEGATIVE BOOSTERS subtract from the voltage, and are usoo. 
■'in earth return systems in order to keep the potential of all 
points of the return rc.il within the Board of Trade regulation 
lir.it of 4.2 volts (to avoid the troubles of electrolysis). 

•i|' Fig. 27 shows how the negative boos tor is used; in this case 
|j,... a known fraction of the feeder current, which is shunted by 
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R, is used for the field winding. 

Feeding and Pistributing-Sys tern for Tramways. The regul¬ 
ations demand that the voltage of the trolley wire shall 
not exceed 550 volts and the generating voltage 650; the 
potential difference between any two points of' the earthed 
return must he less than 7 volts, and the potential of any 
ooint must not be more than 4.2 volts above earth. These 
conditions separate feeding systems for the trolley wire 
and the track rr'Tils. 

Fig. 23 shows how the regulations are obeyed on a long 
system by the use of boosters. The negative bus-bar is 
earthed by two buried plates. One load from the negative 
bu 3 -bar is run to the track near the generating station, 
and one from the positive bus-bar to the trolley wire. If 
no other connections were used, the potential along the 

i 

<■ -trolley wire would decrease with the distance away from 
the station; whereas the potential of the track would rise 
(because of the voltage drop of the current in it), so that 
a point would be reached where the potential would be greater 
than 4.2 volts. The potential along the trolley wire is 
kept constant within narrow limits by feeding the sections, 
which are isolated from each other, by feeders in series 
with positive or feeder boosters; in Fig.23 one such booster 
is shown feeding the right-hand end of the trolley wire. 

The booster voltage regulates itself by the current in the 

s « 

feeder in series with the booster. The potential at the 
corresponding point of the track is lowered to earth pot¬ 
ential by the negative booster, which is regulated by the 
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pane feeder current, l'hepositive and negative boosts ore 

|;..thua regulated by the lood, and are such that the track 

potential is very low and the trolley potential is nearly 

! : Hohstaht (at about 550 volts). By supplying the trolley 

! wire and track at sufficiently close intervals, the trolley 

wire can bo Kept as near 550 volts as desired and the track 
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! * EXAIEELE, Explain v/itn connection diagr -jAS the function 

(n) foeder boosters, (b) negative boosters, in an electric 
tramway system .'V A section of a tramway track 3 miles long 
has a resistance of 0.0145^-- . per mile, and a uniformly 
distributed load of 320 A., per mile* A negative feecKr 
having a conductor resistance of 0.04bJf^ . P or inlle 18 
" .connected to the track at a point 2 miles from the su.vt-on, 
and a negative booster i3 included in the circuit. Ii the 
* potential of the track is reduced to Kero at the point of , 

. connection to the booster* calculate the rating of the 

.booster required and the maximum potential of the rails abovo^ 


earth. 
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Fig.29 shows the diagram of connections of the feeder 
raid negative boosters. The function of the feeder is to 
lcoep the trolley wire at constant potential, whilst that 
of the negative booster is to keep any point of the track 
witnin 4 V, of earth potential and any two points within 
7 V. potential difference. 

.-/e assume that in this case there is no feeder booster, 
and the scheme is as shown in Fig.2$ . Pig.30 shows the 
condftikhiS of current and voltage. In the last mile 320 A. 
enter the trolley wire and 320 A. come in from the track 
(point P). At a point distance x from the generating stat- 

Posits K£° f ' 320 < 3 - * > g003 along Volley v,ire = 
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hail?Fig .29 Negative Booster For Track 

Bpf||N: curron t. returning along the track, and lot 

We :•■current in the negative feeder. Then 

fl 1 = 320 (3 - x ) or i « 320( 3 - x ) - I, 
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_-As—the -point P_lias, been..? 

voltage drop along OP is aero, 1 .e 

2 

J 0.0145 i x dx = o. 

o 

Substituting for i we find 
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reduced to zero voltage, the 


a 


? D20(3 - x ) - I Jdx = 0 


0(33: - ik 2 ) - IxJ 


l .e 


= |32( 

= 1280 - 21, 
I = 640. 


The distribution of the current along the track is 
then the following. At U, one mile put, there is no 
current. Between H and 0 the current flows towards 0^ 
at whiciy point the current is 320 A,; between M and P the 
curroBtX^wS^itls 320 A. At Q the current is zero, 
and increases at P to 320 A. The maximum potential of the 
track occurs at Li and Q, as current flows from higher to 
lower potentials. At these points the potential is 


X 

/ 


(0.0145 x 320x)dx 


i 


2 


= 0.0145 x 320 O'zx ) 


= 0.0145 x 320 x 14 = 2.32 V. 
If V is the voltage produced by the negative booster, 

V - 0.09211 = 0, 

giving V = 59 V, The rating of tlio booster is 

59 x 640 VA. = 38 k VA. 
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, If the negative booster were not used, the maximum pot¬ 
ential would occur at Q and be 

-V. 

J 0.0145 x 320 (3 - x ) dx = 20.8 V., 
o 

which is five times the permissible value. 

The efl'oct of the booster has been to reduce the voltage 
drop to that occurring in one-third of the track length , 

instead of that in the whole track length. It can be shown 

/ 

that if the track is of length resistance r per mile, ana 
has a uniform load of i amperes per mile, the maximum pot¬ 
ential is . For the current at distance x from the 

station is i(^-x), ao that the maximum voltage, which occurs 

at the far end, is 
1 

J ri($L - x )dx = ri [ Yz x 2 J = Vz ri^. 
o 


Reducing tho effective track length to one-third therefore 
reduces the maximum voltage to one-ninth. For example, in the 
case v/orked out above the maximum voltage is reduced from 20.8 
to 2.32., 

IfIsthdatrack is 5 miles long and negative feeders are* run 

; , I v 

out to%joint3 at 2 and 4 miles from the station, the maximum 

n ... 

voltage d?i#the track is reduced to one twenty-fifth. 
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PPOBLi SiiS OH ELECTRIC TRACTION 

o- a service in which there are two a J0 J 3 
A train runs On a servx 

p ur .,il 6 cad the schedule speed Is 17 n.f.k. B ops o 

20 sec. duration. Define the trapesiedal speed-ti^ 

curve for the run if the accleration is 1 * 2u,P Ajj 

end the braking retardation is .2 ».p.*>•»• -2^/^=^ J^ 

A train is required to run between stations i ails 
apart at a schedule speed of 25 «“ matron oi^ 

the stops being 20 sec. the braking retardatl n as 

m.p.h.s. Assuming a trapezoidal speed time carve cal- 
culate the acceleration if the ratio ( max. speed / aver- 


xgb speed ) is to be 1.25 


CN. 


3) 


A train is accelerated uniformly from rest until a speed 
st 25 n.p.h. is reachediO sec. after starting, *ower is 
then cut off and the train coasts for^O sec the brakes 
are apniled and the train is brought to rest^. see. af er 

starting. the retardation during coasting may be assumed 

x -p n i m n h.s. Determine the 
to be uniform at the rate of 0.1 m.p.n.s. 

distance run from start to stop end 

) A train is required to run between staior.s 1^2_rile. 
apart at a schedule speed of 25 m.p.h., tho duration of 

the stops being 20 sec. The run is to be m-de 

t QI .fl time curve and the cogs ting ond 
to quadrilateral speed - time curv. 

broking retardations may be assumed at 0.1 m.p.h.s. and 
2 m.p.h.s. respectively. Determine the acceleration n 
the speed at the end of the acceleration period is 38 m.f.h. 

• Determine also duration of tho coasting perioa. 

c4 .A. Z'S'J ^ / f-e * ^ ^ 
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5) A train is required to run between stations - 1 mile apart 

at an average speed of 25 miles per hour. The run is to 
be a quidrilaterial speed-time curve, the acceleration 
being 1.25 m.p.h.s. and the coasting and braking retard¬ 
ation being 0.1 and^m.p .h.s. respectively , Determine the 
duration of the accelerating. coasting, and braking periods 
and the distances run during these periods. i 

6) A train service between 2 stations 1 .vale apart, and bet¬ 
ween which thors is a uniform gradient of 1 in 00, is 
secheduled at an average speed of 25 m.p.h. in one- direct¬ 
ion to up the gradient, and 27.5 m.p.h, in the opposite 
direction. The dead weight of the train is 210 tons 

V/ben operating on level track the acceleration is 1.2575 

m.p.hps. arid the braking rstardation is 2 m.p.hps., the " ' 

corresponding net tractive efforts being 30,000 lb end 

47,000 lb. Calculr te the specifice energy output for runs 

in bot,i directions made to trap> s>idal speed time curves. 

Assume the accelerating wt to be 10% greater than the dead 

weight end the train resistance is 12 lb/6 chv ^ 

/ C> 2. ffj £>~ Ji* ^ 

7)A ^50 ton electric train runs in main line service has an 

ayeragp of jja.p.li. between stations on the level situated 

l. 25 miles apart. The accelerations at starting is 1.25 

m. p.h.a. and the braking retardation 2.3 m.p.h.s. Assuming 
a trapezoidal speed-time curve. Calculate the energy con¬ 
sumption for the run. Assume a train resistance has on 

average of 12 lb per ton allow 10% for the effect 
of rotational imertia 
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-B-C serieg traction ii^toif has the followingich 5 . 

^ 'I -- ' 3--________ 

:at (A) 


(m.p ,h.) 


100 , ..,2000 

300 

400 

41 28 

23.5 

21.3 

650 1300 

3400 

5000 


^ .. . .ifh.l.i' ■/ S 

ratio or tr^e effect iveu weight to the dead weight of 




tr^in id 1.1 to 1 andffthe .Jbraking retardation is 2m.p.hs. 

LJ e . e • ■ ^ ir • ; * 

V niile is’to i, ; be;jmade, in 110 Sed. Draw the speed 

i ■ 

■ knowing that',the train resistance is 11,1b/ton 

+H * ■ 1 ' : «.•••" t _ - 

Wj train has a totaliweight of 116 tons. 

a diagram of connect ions and explain the action. 

■ V - i if .I . • ; : ' 1 

booster. A section ABC of an uninsula 

—- system is'J3hailds long. A is earthed, and 
,es from A. A negative feeder* with booster in c 
tapped to the rail at B. The loading is 400 .A. per 

—2 and may bo assumed to be uniform. 

. ; - . , \ . 

Determine the maximum p.d. between any two points &n 

'**.•* . • \ ... 

the rail system, assuming to leakage, if the potential of B 
is 2.5 V. below earth. Determine also the output of'the : r; 1 ; 
booster. The resistance of the rail system is 0.035 5 '. 

pey mile. The resistance of the negative feeder is 0.03 V : i 






























